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Abstract 
The aim of this paper is to analyze the state of the art of complexity management in the area of supply chain management. In this 
regard, the suitability of Complex Adaptive System (CAS) modeling for making complexity-optimizing supply chain decisions is 
discussed on the example of the semiconductor supply chain.  
New global markets, lower manufacturing costs, and sourcing activities have led to a global dispersion of supply chains. However, 
manufacturers have discovered an unpleasant side effect of global manufacturing: Rising complexity. In practice, supply chain 
managers react intuitively to the complexity of processes, products and IT. This is partly due to the fact that so far, only little effort 
has been made to develop tools for quantifying supply chain complexity. But supply chain managers are in need of these methods 
enabling them to make complexity-optimized supply chain decisions. The quantitative impact of complexity its value and its 
costs  has to be effectively calculated to enable supply chain managers to make complexity-optimized supply chain decisions. A 
promising approach for managing supply chain complexity is the interpretation of a supply chain as a complex adaptive system 
(CAS). CAS are systems far from equilibrium, characterized by a large number of interacting and evolving agents, who adapt and 
learn and thus could be able to solve the complexity dilemma.  
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1. Introduction 
Scientists and business experts agree that the 
complexity along the supply chain is high and has 
increased even further in the recent years. 
The mounting complexity in products, processes, and 
companies has been fueled by trends such as 
globalization, diversity of variants, and declining 
manufacturing depth along with ever shorter product life 
cycles [1]. This applies in particular to organizations 
operating in global value networks. It is evident that 
competition is no longer fought by single companies but 
by entire supply chains [2]. 
emphasis has to amplify from the single enterprise to the 
entire supply chain, causing a dramatic increase of the 
perceived complexity for the management. For all 
involved partners, the increase in the degree of 
complexity hampers supply chain performance [3].  
As the degree of complexity is on the rise, 
competitive advantage will increasingly derive from 
complexity management capabilities. Recent studies 
reveal the potential of its potential: In manufacturing 
companies, costs induced by product and process 
complexity account for up to 25% of the total 
expenditure [4]. With regard to earnings, a study 
conducted by A.T. Kearney states that companies can 
increase their EBIT by 3-5 % if they start to actively 
manage complexity [5]. Consequently, there is a strong 
need to integrate complexity management into supply 
chain management (SCM). Despite these findings, 
complexity management is often not yet institutionalized 
in industry in general and only poorly integrated into 
SCM up to now [6-7]. Former HP CEO Lew Platt noted 
as early as 1993 that, in regard to their supply chain, 
large manufacturing companie
]. Yet even now companies are often not 
 [9]. 
Available online at www.sciencedirect.com
 13 The Authors. Published by Elsevi r B.V.
l ction and peer-r view under responsibility of Professo  Pedro Filipe do Carmo Cunha
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
80   Judith Aelker et al. /  Procedia CIRP  7 ( 2013 )  79 – 84 
 
Supply chain managers react intuitively to this 
phenomenon. This is partly due to the fact that so far, 
too little effort has been made to develop tools for 
quantifying supply chain complexity. 
The aim of this paper is to point out the need for the 
measurement and management of supply chain 
complexity using the example of the semiconductor 
supply chain. It researches the state of the art of 
complexity management in supply chains, introduces 
complex adaptive system modeling as an adequate tool 
for understanding the emergence of complexity in these 
systems. The findings from one of the most complex 
supply chains of the world, the semiconductor supply 
chain, deliver important insights that can be applied to 
other manufacturing industries. This paper thereby 
contributes to the further investigation of practical 
methods for managing supply chain complexity. 
 
2. Theoretical foundation and subject matter 
Firstly, in order to discuss the need for complexity 
management in supply chains, some terms have to be 
defined. Thereinafter, the focused industry will be 
succinctly presented. 
2.1. Definitions 
2.1.1. Complexity  
The definition of complexity itself resembles a 
complex task. As the term is used in different disciplines 
and practical applications such as biology, sociology, or 
systems science, there is neither a universally accepted 
definition nor a congruent interpretation of complexity. 
Complexity firstly has to be differentiated from 
complicatedness, as both terms tend to be confused with 
one another in everyday speech. We call a system 
complicated when it is not simple, but is knowable, e.g., 
a car is a complicated product. But the development of a 
car is complex; it requires engineering business 
knowledge in several disciplines, and collaborative work 
in teams. Details are not fully knowable to each 
development engineer, so there is uncertainty in the 
system [10]. All elements are massively woven together 
into an intricate whole. Luhmann offers a basic 
definition of complexity in this regard, involving the 
standard notion of a quantitatively defined threshold 
above which it is not possible for an observer to relate 
connective capacity, it is no longer possible at any 
moment to connect every element with every other 
[11].  
 
2.1.2. Supply Chain Complexity 
With regard to the complexity of supply chains, 
Wilding introduced the supply chain complexity triangle 
(Fig. 1) [12]. He finds that there are three interacting yet 
independent effects causing the dynamic behavior 
experienced in supply chains. These are:  The 
amplification of demand (also referred to as the bullwhip 
effect), parallel interactions occurring at the same tier in 
a supply network, and deterministic chaos. The latter 
describes the fact that the supply chain is theoretically 
predictable, but in practice the non-linear effects of 
many causes make the system less predictable. It is also 
extremely sensitive to the initial conditions, so an 
condition may result in a completely different response. 
 
 
 
 
 
 
 
 
 
 
 
 
2.1.3. Complexity Management 
In general it can be posited that the complexity of a 
cause-and-effect relationship requires some kind of 
organization  i.e., the management of complexity. 
Kirchhoff et al. argue that the tasks of complexity 
management entail [13]: 
 
1. Considering and solving problems resulting from 
the variety, the range, and the dynamics of internal and 
external elements and relations of the company and the 
environment, 
2. Observing the problems of actors subjectively 
dealing with complexity, expressing themselves in 
thinking and behavior patterns, perceptions, decisions, 
and actions as well as in management and organizational 
structures, and 
3. Integrating different individual measures of dealing 
with complexity into a synergetic framework.  
2.1.4. Supply Chain Management 
According to the Supply Chain Council, supply chain 
management encompasses the effort involved in 
producing and delivering a final product from the 
 [14]. It 
thus integrates supply and demand management within 
and across companies. A rather practical definition that 
better caters to the globally fragmented semiconductor 
supply chain comes from the Gartner Group, comparing 
Supply Chain 
Complexity 
Demand 
Amplification 
Deterministic 
Chaos 
Parallel 
interactions 
Fig. 1: The Supply Chain Complexity Triangle [12] 
81 Judith Aelker et al. /  Procedia CIRP  7 ( 2013 )  79 – 84 
resources to manage the process of creating and
[15].
From a complexity perspective, supply chain 
management encompasses the coordination of many 
elements that can take over different states and be
connected via different relations. A supply chain can 
thus be interpreted as a system above the threshold at 
which it is not possible for an observer to relate all 
elements of a system to each other.
2.2. Semiconductor Industry
From airbags via smart phones to power switches for 
trains and intelligent lightings chips and 
microcontrollers form the base for a wide variety of 
products. Driven by the enormous and endlessly
expanding role of technology in the world economy, the
semiconductor industry has grown to almost $300 billion 
in 2011 and influences 10% of the world GDP [16].
The process of semiconductor production is one of 
the most complicated manufacturing processes the world 
has ever known, which can require more than eight 
hundred discrete steps [17].
The production process can broadly be divided into two
main stages: Firstly, the chip manufacturing stage (front
end) and secondly, the assembly, packaging and final
testing stage (back end). Due to the complexity of the
process, the manufacturing lead time can take up to 16
weeks: The manufacturing of dies requires up to twelve
weeks in the front end and four weeks in the back end.
Fig. 2 illustrates a simplified example of an internal
supply chain for semiconductor manufacturing.
3. Related Research
The existing approaches towards complexity 
management in supply chains that can be found in 
literature can be structured into three essential process 
steps: identifying complexity drivers, measuring and
evaluating the existing complexity, and developing
strategies for managing complexity, each of which will
briefly be explained in the following.
3.1. Types of complexity
The first step towards complexity management is the
creation of transparency. Therefore, drivers of 
complexity have to be identified. In the literature,
several frameworks for complexity drivers can be found. 
A common approach for structuring complexity is
categorizing it into different types. The most accepted
differentiation is between the complexity arising from 
within a company (internal complexity), and the
complexity caused by factors external to the
organization (external complexity) [18]. In the
semiconductor industry, external complexity for 
example is caused by specific demands from highly
heterogeneous customers, which in turn cause the
internal complexity to rise as a portfolio of different 
products has to be managed. 
3.2. Quantifying Complexity
In addition to identifying complexity drivers,
companies need to measure and evaluate complexity,
else they do not have any transparency regarding costs,
speed and other performance indicators and cannot 
identify starting points for optimization [9].
Mourtzis et al. introduce a simulation-based approach 
for modeling complexity for measuring the time-
dependent complexity of manufacturing systems while 
considering uncertainty [19]. Espinoza et al. present an 
interesting approach for manufacturing layouts, 
consisting of six complexity indices, based on the 
structural characteristics of the layout such as its density,
paths, cycles, decision points, redundancy distribution,
and magnitude [20].
These indices represent important approaches for 
quantifying complexity. However, methods of the 
current state of the art do not allow for the measuring of 
costs and value complexity. There is a general 
acceptance in the literature that, as in the lean 
philosophy, complexity should be divided into value-
creating and value-destroying complexity [5, 21]. With 
that transparency, companies can on the one hand
implement measures targeting at the development of 
value-creating complexity, on the other hand they will
be enabled to reduce and avoid value-destroying 
complexity. Complexity creating value for the customer, 
e.g. a wide product range, can consequently be
valued/prized appropriately.
3.3. Complexity Management Strategies
The current literature offers primarily basic strategy
recommendations or a variety of isolated measures for 
managing strategy. Early approaches were targeting at
the reduction of product complexity by standardization 
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Fig. 2: Semiconductor Manufacturing Process
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and modularization [22], extends to
the architecture of the whole organization, including its
processes, employees, and IT infrastructure.
As a general approach for supply chain management, 
the complexity strategy matrix by Kaluza et al. shall be
mentioned, distinguishing between four different cases
for complexity management. They argue that four basic
strategies have to be deducted from these four cases, 
namely, accepting, controlling, reducing and avoiding 
complexity [3]. 
However, these basic recommendations lack 
practicability for making supply chain decisions in 
business life. In this regard, the studies of Noble Prize 
winner Daniel Kahneman on decision making could be
an interesting approach in the course of examining 
complexity in supply chains. His work does not view 
economic agents as rational human beings, but rather as
living, feeling, emotional human beings who sometimes 
make mistakes and thereby increase complexity in 
systems [23].
4. Complexity in the Semiconductor Supply Chain
After giving a short introduction into the
semiconductor industry and the field of supply chain
complexity management in general, we will point out 
why the semiconductor supply chain is a prime example
of a highly complex supply chain. Research at Intel
investigating the match between actual call off and the
actual forecast, estimated that supply and demand were
in equilibrium for 35 minutes in the last ten years [12].
This non-synchronization of supply and demand,
displaying itself in larger and larger swings in inventory 
in response to changes in demand, is referred to as the
bullwhip effect [24] and is a critical challenge within the
semiconductor supply chain. The enormous amplitude of 
the bullwhip effect indicates uncertainty and opacity,
which, in turn, result from the prevailing complexity of
the semiconductor supply chain.
Due to its inherent complexity, the semiconductor 
manufacturing process described in 2.2 is a promising
practical object of study. It usually performed by 
different companies and divisions spread across the
globe. Wafer fabrication in Germany, with certain 
process steps carried out in Malaysia, grinding in 
Austria, assembly in South Korea and final test in 
Singapore this is a real life example of the process of 
manufacturing a successful chip. We can identify many
interfaces in this chain various partners searching for 
their own local optima are involved, material,
information and financial flows across various
continents, cultures, customs and time zones have to be
organized. The globalization of the supply chain 
especially the different possible combinations of sources
at different stages of the manufacturing process - can be
categorized as an external complexity driver. In 
Fig. , an industry example shows the consequences
for internal complexity. In the given example, the
product can take several routes after sorting, whereupon
multiple assembly sites are available. Each supply chain 
scenario has to be managed, and a change in one
scenario can impact the capacity of another scenario.
In the given example, the product can take several 
routes after sorting, whereupon multiple assembly sites
are available. Each supply chain scenario has to be
managed, and a change in one scenario can impact the
capacity of another scenario.
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5. Simulating semiconductor supply chain complexity 
as complex adaptive systems 
The key challenge in designing supply chains lies in 
reverse engineering, i.e. determining which individual 
actions lead to a change in complexity. The more 
complex the supply chain is, the more difficult it is to 
configure it [25]. We therefore consider a sound 
understanding of the relations between individual actions 
and complexity as a crucial intermediate step before 
 as 
highlighted in 3.3. Simulations have proven to be the 
primary tool for investigating, designing and optimizing 
systems that are difficult to understand due to the 
behavior of the whole system. They are, therefore, the 
most logical and perhaps important vehicle to study 
these systems objectively. However, only a few 
approaches have used simulations for understanding 
supply chain complexity thus far [26]. At first glance, a 
supply chain is a system that includes elements, 
relations, and different states as defined in 2.1.1. Choi et 
al. extend this interpretation by posting that supply 
chains are not only mere systems, but complex adaptive 
systems (CAS): They are emerging, self-organizing, 
dynamic, and evolving. CAS was developed by John 
Holland and Murray Gell-Mann of the Santa Fe Institute 
with the aim of understanding interdisciplinary, 
complex, contemporary problems such as predicting 
changes in global trade as well as the evolution of 
biological cells [27]. The concept of complexity allows 
us to understand how supply chains co-evolve as living 
systems, and it can help us to identify the patterns that 
arise in such evolution. As complexity theory augments 
traditional systems theory (i.e. by emphasizing time and 
change), it can be used to help us to recognize change 
within the companies in the supply chain, change within 
the market, change within the inter-relationships among 
firms within the supply chain, and changes in the 
environment [9, 28]. Research has shown that, after 
identifying and evaluating complexity, simulations are 
the most adequate tool for investigating and 
understanding the complexity relationships of a supply 
chain. The idea of simulating supply chains as complex 
adaptive systems has already been introduced by Choi et 
al. We do find the characteristics differentiating CAS 
from traditional systems  self-organization and 
emergence, dynamism, and co-evolution  as essential 
properties of the semiconductor supply chain. Table 1 
shows how distinctive criteria of complex adaptive 
systems can be found in practical applications of the 
semiconductor supply chain.  
 
Table 1: Semiconductor Supply Chain Examples as CAS Criteria 
CAS 
criteria 
Definition Semiconductor supply chain 
criteria 
Self 
organization 
and 
emergence 
Patterns are 
created through 
simultaneous 
and parallel 
actions of 
multiple agents. 
The supply chain emerges with no 
one firm deliberately organizing 
and controlling it, but new 
patterns emerge by the 
collaboration of all partners from 
wafer fab to final test. Incomplete 
information, e.g. about supplier's 
stock, does lead to local 
decisions. 
Dynamism Changes are 
constant and 
interdependent. 
Changing a subcontractor shapes 
a new supplier base, new product 
introduction and product phase 
outs, change management for cost 
reduction with complex customer 
agreements are daily business. 
Co-
Evolution: 
  
Quasi-
equilibrium 
and state 
change 
Attractors are 
sensitive to 
change as the 
CAS is pulled 
away towards a 
far-from-
equilibrium 
state. 
The system is most of the time in 
change state, i.e. in up- or in 
downturn. Short product life 
cycles lead to frequent changes 
between ramp up and ramp down 
of production lines. 
Non-linear 
changes 
There is lack of 
linear corelation 
between causes 
and effects 
(Butterfly 
effect). 
Low forecast accuracy at all 
levels can lead to massive efforts 
along different supply chain steps. 
So, the misplanning of only 100 
parts can lead to linedowns at 
automotive OEMs. 
Non-
random 
future 
Common 
patterns of be-
havior are ob-
servable. 
Future cannot be predicted, but 
some patterns are repeated,, e.g. 
the bullwhip effect: Overplanning 
and undersupply alternate 
regularly. 
 
This understanding coincides as well with the concept 
of the fractal company, according to which the 
manufacturing corporation of the future will consist of 
autonomous identities organized in a network. These 
function as service enterprises to the others; and self-
similarity, self-organization and dynamics are the 
principles from which they will draw their models [29]. 
By modeling supply chain complexity via interpretation 
of the supply chain as a CAS, an approach from 
complexity theory can be used to investigate and better 
understand the effects of behavioral patterns on supply 
chain complexity. It will allow us to conduct systematic 
testing of the structure and operation of this supply 
havioral patterns and properties for a 
multitude of conditions and scenarios in order to identify 
alternative flexible supply chain configurations, as well 
as adequate strategies and measures for their 
management, both on a local and a global level [30]. 
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CAS can help us to optimize decision making: By 
identifying patterns and developing algorithms, we can 
identify which decisions should be made human beings, 
and which decisions should rather be automated. 
Therefore, these findings will further be useful for the 
development of cyber-physical systems (CPS), i.e. the 
integration of computation and physical processes, 
which is becoming increasingly important in the course 
of the forth industrial revolution [31]. 
6. Results 
First research results have that shown due to global 
trends, there is an increasing need to integrate 
complexity management into supply chain management. 
However, complexity management is not yet 
institutionalized in companies. There are some 
promising approaches for quantifying complexity, but 
identifying the value and the costs of complexity 
remains a challenge that needs further research. CAS 
modeling is a promising approach that enables us to 
investigate, better understand, design and capitalize on 
complexity. Simulation offers potential for us to deduct 
more practicable strategies for better complexity 
management decisions on a strategic, tactical and 
operational level. Further research will be needed to 
define more practicable measures and strategies for 
deriving complexity-optimized supply chain decisions. 
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